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Photoelectrochemical ~PEC! etching of InxGa12xN in the KOH solution under illumination of a
Hg-arc lamp is studied. An indium oxide surface layer is formed during PEC etching, which slows
down the etching rate. The PEC etch rate of InxGa12xN is determined by dissolution of indium
oxides into the solution. Increase of the solution temperature results in an increase of solubility of
indium oxides and thus enhances the PEC etch rate. It is found that stirring the solution can
accelerate indium oxides to dissolve into the solution and increase the etch rate. The thick indium
oxide layer on the PEC-etched InxGa12xN surface can be effectively removed by the treatment of
using a hot 6N HCl solution. A post-treatment by using a 3.2 M KOH solution can provide a smooth
sidewall on the PEC-etched surface for the potential application to laser cavity. © 2000 American
Institute of Physics. @S0003-6951~00!05025-7#III–V nitrides have attracted much attention for high
power, high temperature, and high frequency optoelectronic
devices. Considerable progress has been made in the area of
III–V nitride growth and their surface etching becomes very
important in device fabrication.1 It is well known that III–V
nitrides can withstand the conventional wet etching used in
the semiconductor processes, and even at high temperatures
only low etching rates can be obtained.2 Although plasma
etching is widely applied in present-day microelectronic cir-
cuit fabrication, the device surface suffers from damages in-
duced by high-energy ion bombardment.3–5 Device technol-
ogy eventually requires the establishment of effective
etching procedures with low surface damage for III–V
nitride-based device fabrication.
Photoelectrochemical ~PEC! etching has been demon-
strated to obtain a significantly enhanced etch rate and aniso-
tropic etch profile in the KOH solution at room temperature.3
Illumination with ultraviolet ~UV! light during wet chemical
etching generates electron–hole pairs on the semiconductor
surface and thus enhances the redox reaction occurring at the
interface between the surface and solution. Therefore, pho-
toassisted wet etching is a potential method to pattern III–V
nitride film without surface damage and can also be per-
formed at mild temperatures. PEC etching could be applied
in Ga~Al!N of III–V nitrides due to the enhance redox reac-
tion, but the indium related compounds of III–V nitrides,
In~Al, Ga!N, still could not be handled and used with this
skill. In this study, PEC etching is successfully applied to a
ternary substrate, InxGa12xN, in the KOH solution.
The InxGa12xN samples used in this study were grown
on the sapphire ~0001! substrate by a low-pressure metal-
organic chemical vapor deposition ~CVD! method. A thin
GaN nucleation layer was first grown on the sapphire surface
at low temperatures and followed by the growth of 2-mm-
thick GaN and 0.3-mm-thick InxGa12xN layers. The uninten-
tionally doped GaN film was inherent n type with a carrier
a!Electronic mail: hlhwang@ee.nthu.edu.tw3910003-6951/2000/76(26)/3917/3/$17.00
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had a full width half maximum ~FWHM! of ;200 arcsec at
the ~0002! diffraction peak in x-ray rocking curve ~XRC!
analysis. The InxGa12xN films with In mole fractions of
0.06, 0.25, 0.46, and 0.53 had XRC FWHM of 260, 503,
284, and 310 arcsec, respectively. Standard lift-off lithogra-
phy technique was used to form a Ti metal mask with 100
mm squares, which served as the electrical contact for better
photoconduction during the PEC etching.
PEC etching was carried out in the aqueous KOH solu-
tion contained in a Teflon chemical cell. The InxGa12xN
sample was clipped between two Teflon plates in the solu-
tion. The Pt mesh and wire were used to act as the counter
electrode and electrical conductor of photocurrent generated
during the PEC etching. The UV source was an Oriel high-
pressure Hg-arc lamp.
PEC etching has been demonstrated as a means of pro-
viding a high etch rate and anisotropic etch profile for the
GaN substrate.3 The indium atom in InxGa12xN films may
play an important role in the reaction mechanism during the
PEC etching. Therefore, the chemical mechanism of
InxGa12xN etching in the KOH solution may be different
from that of GaN. In order to understand the effect of indium
atoms on PEC etching, InxGa12xN samples with different
indium mole fractions were each etched in the 0.05 M KOH
solution for 30 min at room temperature. During the PEC
etching, the solution was not stirred and the light intensity on
the sample was set at ;240 mW/cm2. Figure 1 shows the
AFM micrographs of InxGa12xN surfaces obtained before
and after the PEC etching. As shown in Figs. 1~a! and 1~b!,
the root mean square ~rms! of roughness is ;20 nm for the
as-grown InxGa12xN surface and ;110 nm for the PEC-
etched surface. The morphology of the PEC-etched
InxGa12xN surface is rougher than that of the as-grown sur-
face. As shown in Figs. 1~b! and 1~d!, the etched InxGa12xN
substrates ~x50.06 and 0.25! exhibit hillock-like surfaces
with etch pits. Auger electron spectroscopy ~AES! results
shown in Fig. 2~b! indicate that the composition of the7 © 2000 American Institute of Physics
 license or copyright; see http://apl.aip.org/about/rights_and_permissions
3918 Appl. Phys. Lett., Vol. 76, No. 26, 26 June 2000 Hwang et al.etched InxGa12xN surface only consists of oxygen and in-
dium. The hillocks are thus attributed to the formation of
indium oxides on the etched InxGa12xN surface after the
PEC etching.
During the PEC etching, the Ga and N components on
FIG. 1. AFM pictures of as-grown InxGa12xN surfaces @~a! and ~c!# and
PEC-etched InxGa12xN surfaces @~b! and ~d!#. ~a! and ~b! x50.06; ~c! and
~d! x50.25. The PEC etching of InxGa12xN is carried in an unstirred 0.05
M KOH at room temperature for 30 min. The scale in ~a!–~d! is shown as
follow ~a! x: 1 mm/div, z: 0.25 mm/div ~b! x: 1 mm/div, z: 1.50 mm/div ~c!
x: 1 mm/div, z: 0.30 mm/div ~d! x: 1 mm/div, z: 0.70 mm/div
FIG. 2. Auger electron spectra of ~a! as-grown InxGa12xN(x50.52), ~b!
PEC-etched InxGax21N in the 0.12 M KOH solution at 60 °C with a UV
power density of 240 mW/cm2, and ~c! PEC-etched InxGa12xN with a post-
treatment in the 6N HCl solution at 40–50 °C for 5 min.Downloaded 04 Feb 2012 to 140.114.195.186. Redistribution subject to AIPthe InxGa12xN surface are removed via an etching mecha-
nism in which highly soluble reaction products dissolve into
the KOH solution, as occurred in the case of GaN. However,
the indium atom reacts with the KOH solution to form in-
dium oxides that have low solubility in the basic KOH solu-
tion. Dissolution of indium oxides from the surface into the
solution becomes a determining step for the etch rate of
InxGa12xN. Due to their low solubility in the basic KOH
solution, indium oxides are gradually grown on the etched
surface with a hillock-like feature. Figure 3 ~left scale! shows
the dependence of the etch rate on the indium mole fraction
in InxGa12xN. The InxGa12xN film with a higher indium
mole fraction has a lower etch rate. This is consistent with
the previous argument that the formation of indium oxides
hinders the etching reaction. At high indium mole fraction, a
thick indium oxide layer is formed on the surface and be-
comes passivated to the etching reaction, even at the condi-
tion of high UV power density and high KOH concentration.
Besides the hillocks, the etch pits are observed on the
PEC-etched surface as shown in Figs. 1~b! and 1~d!. The
etch pits may be attributed to the nonuniform distribution of
indium atoms in the InxGa12xN film or the presence of de-
fects. As observed in case of GaN, PEC etching can effec-
tively remove the components of Ga and N from the
InxGa12xN surface. However, the etch rate is slowed down
by the presence of indium atoms in the InxGa12xN film be-
cause of the formation of indium oxides on the surface. Con-
versely, the etch rate is rather high at the defect site or in the
region with a small concentration of indium atoms. There-
fore, preferential etching at those regions and defects may
result in etch pits on the surface after the PEC etching. In
order to obtain more information about the etching pit for-
mation, the InxGa12xN film is etched only in hot 3.2 M KOH
solution. The resulting etching pits are similar to that shown
in Fig. 1~b! in dimension. It may imply that the etching pits
in our films come from the defects.
In general, the solubility increases with an increase of
solution temperature. It is found that the etch rate of
InxGa12xN can be drastically increased by raising the solu-
tion temperature to increase the solubility of indium oxides.
As shown in Fig. 3 ~right scale!, the etch rate of InxGa12xN
FIG. 3. ~left scale! Etching rates vs various In mole fractions at 60 °C. ~right
scale! Etching rates vs various solution temperatures for the InxGa12xN
sample (x50.25). All the PEC etchings are performed in the unstirred 0.12
M KOH solution with a UV power intensity of 240 mW/cm2. license or copyright; see http://apl.aip.org/about/rights_and_permissions
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to the Arrhenius equation (k5Ae2Ea/RT), the obtained acti-
vation energy is 5.94 kcal/mol for the PEC etching of
InxGa12xN in the 0.12 M KOH solution with a light intensity
of 240 mW/cm2. The activation energy of the PEC etching
for InxGa12xN has a value between those obtained for GaN
~1.6 kcal/mol! and InN ~22.6 kcal/mol! films.4,5
It is observed that the etch rate of InxGa12xN can be
significantly increased by stirring the solution because the
dissolution rate of indium oxides is accelerated. The etch rate
in a stirred solution is largely dominated by the reaction at
the interface between the surface and solution. Accordingly,
the reaction rate is dependent on the concentration of the
KOH solution and the carrier density photogenerated on the
InxGa12xN surface. It is found that the etching rate is lin-
early proportional to the light intensity over the range from
185 to 320 mW/cm2. This suggests that PEC etching is a
process of single-photon excitation.
FIG. 4. SEM micrographs of InxGa12xN sidewalls obtained after PEC etch-
ing at room temperature in a 0.04 M KOH solution ~a! without stirring and
~b! with stirring, and ~c! PEC-etched InxGa12xN sample post-treated in a 3.2
M KOH solution at 100 °C for 20 min.Downloaded 04 Feb 2012 to 140.114.195.186. Redistribution subject to AIPFigure 2 shows the AES spectra of the InxGa12xN
samples before and after the PEC etching. A thin layer of
native indium oxides is found to cover on the as-grown
InxGa12xN film prior to the PEC etching, as shown in Fig.
2~a!. Auger electrons only from oxygen and indium atoms
are observed on the PEC etched InxGa12xN surface as shown
in Fig. 2~b!. This indicates that a thick indium oxide layer is
formed after the PEC etching and its thickness is greater than
the Auger electron penetration depth. For further device pro-
cessing, this oxide layer on the etched surface has to be
removed. Figure 2~c! shows the AES spectrum of an etched
InxGa12xN surface treated with a 6N HCl solution at 40–
50 °C and followed by rinsing the sample with deionized
water. The composition of the resulted InxGa12xN surface is
similar to that of the as-grown surface. This indicates that the
indium oxide layer can be effectively removed by the treat-
ment of using a hot HCl solution.
Figure 4~a! shows the SEM micrograph of an InxGa12xN
(x50.25) film obtained after the PEC etching in a 0.04 M
KOH solution without stirring. The etched sidewall with a
hill-like feature is obtained. This is due to the diffusion effect
in which the KOH concentration near the edge at the mask
region is less than that in the solution. Stirring the solution
can drive OH2 into the corner to reduce the diffusion effect
during the etching process. The change in the etching behav-
ior is illustrated in Fig. 4~b!. The sidewall which shows a
better verticality of the etching profile in a stirred solution
was the InxGa12xN/GaN on sapphire. However, the etched
sidewall is somewhat rough due to the presence of the ver-
tical striations. The striation may come from the burred edge
of the etching mask. The sidewall morphology on the PEC-
etched surface can be improved by a post-treatment with a
3.2 M KOH solution at 100 °C for 20 min. The Ti mask on
the PEC-etched InxGa12xN is removed before post-
treatment. Figure 4~c! shows the SEM micrograph of a post-
treated InxGa12xN surface. The resulting InxGa12xN/GaN on
sapphire has a smooth sidewall and therefore, may provide a
potential application to laser cavity.
In conclusion, an indium oxide layer is formed on the
InxGa12xN surface and slows down etch rate during the PEC
etching. Increasing the solution temperature and stirring the
solution can increase the dissolution rate and thus lead to a
significant increase in the etch rate. The indium oxide layer
formed on the etched surface can be completely removed by
immersing it into a hot HCl solution.
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